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We extend an approach based upon sum-frequency
generation of oppositely chirped pulses to narrow the
bandwidths of broadband femtosecond pulses. We
efficiently generate near transform-limited pulses with
durations of several picoseconds while reducing the pulse
bandwidth by a factor of 120, which is more than twice the
reduction reported in previous literature. Such extreme
bandwidth narrowing of a broadband pulse enhances the
effects of dispersion nonlinearities. Precise chirp control
enables us to characterize the efficacy of frequency mixing
broadband pulses with nonlinear temporal chirps. We
demonstrate the use of these narrowband pulses as
probes in coherent anti-Stokes Raman spectroscopy. ©
2018 Optical Society of America

OCIS codes: (320.1590) Chirping; (320.7110) Ultrafast nonlinear optics;
(300.6230) Spectroscopy, coherent anti-Stokes Raman scattering
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Femtosecond laser systems are widely used in applications that
require optical pulses of various repetition rates, pulse energies, and
frequencies of light. Specifically, many spectroscopies require the
time resolution and bandwidth of femtosecond transform-limited
(TL) pulses. Other spectroscopies rely on the frequency resolution
of narrowband, picosecond TL pulses. Femtosecond and
picosecond pulses combine in femtosecond stimulated Raman
spectroscopy (FSRS)[1-2] and in certain coherent anti-Stokes
Raman spectroscopy (CARS)[3-5] and sum frequency generation
(SFG) spectroscopy [6-7] experiments. All of these experiments
benefit from bandwidth-narrowing methods that enable the use of
a single laser system. Grating filtering and frequency doubling in
thick nonlinear crystals suffer from inefficiency and damage
threshold power limits. Alternatively, nonlinear frequency mixing
of chirped pulses is an efficient method initially demonstrated using
SFG of oppositely chirped pulses [8]. This bandwidth reduction
concept has been adapted to mid-infrared and terahertz radiation
by difference frequency mixing (DFG) equally chirped pulses [9-14]

and extended by pumping a noncollinear optical parametric
amplifier (NOPA) with narrowed SFG pulses for tunable near-
ultraviolet through near-infrared pulses in FSRS [15-17].
Researchers have also used chirped pulse SFG for high energy
pulses in gas-phase CARS experiments [18-20].

Chirped pulse mixing designs reported over the last two decades
typically begin with compressed laser system outputs. For chirped
pulse SFG, also termed second-harmonic bandwidth compression
(SHBC), one output is split into two beams of TL pulse replicas,
which are then oppositely chirped. The linearly chirped pulses
overlap spatially and temporally in a nonlinear crystal such that all
time-coincident frequency pairs have nearly the same phase-
matching requirements and frequency sums. A positive (negative)
chirp is typically provided by a grating stretcher (compressor),
often half of a 4f design stretcher [18]. This simplification is chosen
for compact and economical design [17, 19]; it reduces losses at the
expense of creating slight spatial chirp on the fundamental beam
[10]. However, initial compression to TL pulses causes unnecessary
power losses.

In this Letter, we present a bandwidth-narrowing method based
on the original design of Raoult, et al,, [8] which involves adjusting
the chirp of uncompressed amplified laser pulses. Here, we
characterize the broadband chirped SFG process and introduce
optical system modifications for this regime. We use a Coherent
Legend Elite Ti:Sapphire regenerative amplifier (795 nm, 1 kHz)
seeded by a Coherent Vitara oscillator (100 MHz). The amplified
beam is split into two beams; each beam is single-pass amplified to
~9 m]/pulse. One temporally stretched (>100 ps, positively
chirped) output is used for chirped pulse SFG (Fig. 1a). This beam is
evenly split between two grating compressors, each with two
gratings (Spectrogon, 1500 grooves/mm) separated by L+5, where
L~ 305 mm is the distance required for 40 fs TL pulse compression.
For positive §, a separation of L-6 leaves a slight residual positive
chirp; an equal magnitude negative chirp results from L+6 (Fig. 1a).
Each compressor maintains >80% throughput after four grating
reflections that eliminate spatial chirp in the fundamental beams. A
large § (28 mm) enables fine control of 6 for precise chirp
matching, which can be more difficult to achieve in the minimally
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chirped pulses of other designs [19]. A translation stage in the L+8
path controls the delay, 7, between compressor arms and tunes the
SFG spectrum. The fundamental beams have a small (1°) crossing
angle ina 1 mm BBO crystal (Type [) to minimize spatial chirp in the
SFG pulses while enabling spatial isolation of the desired beam.
From the combined 6 m]j/pulse of fundamental beams, the
conversion efficiency is 20-30%, depending on & and SFG
bandwidth. Pulses centered at Asrc * 396.3 nm with Avsge = 3.0 cm?
full width at half maximum (FWHM) bandwidth and FWHM
duration of At=5.5 ps have 1.2 m]/pulse (20% efficiency).

(a)
Bs) <= [G G
D & & ]
grating
filter
Av, =3 cm’
\ v.d v.d G At=55 ps[
L-&  |i, ~3963nm
G
1 mm BBO

(b) ideal,
o, %-2%
| o
= 1) |I = g
—— I p— |
(!):] #— 2(00

t t=0 t
pulse propagation —

wfundamemzl

Fig. 1. Chirped pulse sum frequency generation. (a) The amplified,
positively chirped (>100 ps) Ti:Sapphire output is split between two
grating compressors. The pulses in the L-§ path remain slightly
positively chirped; the other path pulses are delayed by T and become
negatively chirped (L+8). Narrowband pulses are generated in BBO. (b)
Cartoon: oppositely chirped fundamental pulses and upconverted pulse
in time for ideal linear temporal chirp with respect to frequency (top
panel) and temporal chirp with nonlinearities (bottom panel).

SHBC pulses from femtosecond lasers have had bandwidths
reduced to as low as Avsee ® 3.5 cm? [8, 18]. However, the
fundamental bandwidths vary among the laser systems used in
SHBC, so the reduction factor Av, =Avy [ AV

quantifies the process. Calculated or inferred A v, literature values

are ~20-40 for 2100 fs systems [8, 18] and ~60 in broadband laser
systems narrowed to Av = 7.0 cm™ [17, 19]. In this work, we narrow

abroadband pulse to achieve Av, =360 cm™ /3 cm™ =120.A

broadband fundamental pulse is beneficial in two-beam fs/ps pure-
rotational CARS (RCARS) [5], for example, to excite coherences of
large Raman shifts without bandwidth broadening via multiple
pulses [18, 21]. Inreducing this bandwidth significantly, we magnify
the sensitivity of the chirped pulse SFG process to a key
experimental approximation: frequency linearity of temporal chirp.
The process shown in the top panel of Fig. 1b can be written as a
time-independent SFG frequency, @, , of oppositely chirped pulses,

fundamental

,(t) =w, +at and w,(t)=w, —a(t—7) with delay, 7, center
frequency, w,,and linear temporal chirp, a =dw/ dt :

w, =2, +ar, (1)
where @, canbe tuned by changing 7 [8]. Nearly all SHBC stretcher

and compressor designs have used gratings, which diffract light
nearly linearly with wavelength, as given by the grating equation.
The specific gratings and angles used determine the change in
compressor round trip delay over the pulse spectrum, which can be

described by a or by the second-order phase, d’¢/dt>.

Researchers have also chirped via prism compressors and material
dispersion in SFG [22] and DFG techniques [11-13]. Prism
compressors, bulk materials, and grating compressors, in general,

have higher-order phase contributions, ie, ¢ and d 2¢ /dt* are
not constantin @ . To find the group delay in our system, we invert
a to obtain the group delay dispersion (GDD) and integrate, as in
J. dw/ a(w) .For each compressor, the relative group delay can be

calculated with respect to the delay of @, . The optical path delay
between compressor outputs is set such that 7 =0 defines the
temporal overlap between each «,. With nonlinear temporal
chirp, all other time-coincident interpulse frequency pairs (@, , @, )
are asymmetric about ), and result in a time-dependent w; (¢)
that is blue-shifted from its minimum ( 2@, ) atearly and late ¢ (z_
and ¢, in Fig. 1b, bottom panel). Concomitantly, other @, , @, pairs
that would sum to @, = 2@, do not produce SFG, as they have
increasingly nonzero delays with displacement from ¢, .

To illustrate the effects of the nonlinear chirp, we upconvert
oppositely chirped pulses for six cases of §, maintaining 7 = 0 and
@,(0) . The SFG spectra are displayed in Fig. 2a for §, given as the
percent §/L, increasing top to bottom: 3.4,4.9, 6.3,7.8,9.2,and 10.6
%. Increasing the temporal chirp generates pulses with narrower
spectra, centered at vc * 25235 cm. In the limit of spectrally
constant GDD or a , this effect arises from the increased isolation of
complementary o, , w, pairs to narrow @, . Unchirped SFG pulses
have bandwidths dictated by the temporal durations of the chirped
pulses. The higher-order nonlinear phases of fundamental pulses
limit the minimum SFG bandwidth, and increasing the fundamental
chirp beyond this limit results in chirped SFG pulses (evident in
large time-bandwidth products in Ref. [8]). As shown in Fig. 2a, the
spectrum for each & follows a Gaussian shape at low frequencies but
displays a high-frequency spectral wing (Fig. 2a). Oscillations in this
wing arise from the interferences between lightat @, inthe ¢ and
¢, portions of the pulse. Setting 7 =0 for simplicity, symmetric
time points about # = 0 with o, -dependent delay, At =¢, —¢_,
produce frequency-matched pairs of SFG intensities, /*(®,) and

I"(wy) .Foreach Az, #0,the corresponding w, is produced at

temporally isolated points on either side of # =0.
Integrated over ¢ , the detected spectral intensity is given by,

I(@) =T (@,)+1 (0,)+2E" (0,)E (@) cos(m,At,). (2)



The non-oscillatory component, *(@,)+ 1" (@,) , is modeled for
the largest 6 in Fig. 2a (dashed line). The blue-shift from v. of the
half-maximum intensity in this trace corresponds to the blue-shift
of , when considering the @, w, pairs that have matched group
delays and frequencies separated by the fundamental pulse
spectrum FWHM. We perform a Fourier transform (FT) on each
trace after subtracting its non-oscillatory component, which results
in broad features as A¢, evolves with @, (Fig. 2b). The largest
peaks are centered near the measured &-dependent chirped
fundamental pulse FWHM temporal durations, e.g, ~10.5 ps peak
(red trace) for § = 28 mm. For our grating compressors, the delay
between the @,,®, pair that spans the fundamental FWHM

bandwidthat 7 and the oneat ¢, is calculated for each of the six §

values: 3.9, 5.5, 7.1, 8.8, 104, and 12.0 ps for increasing 6. These
delays roughly match the positions of the broad peaks in Fig. 2b;
thus, the oscillations in Fig. 2a are dominated by ,,w, pairs near

the spectral FWHM. Contributions from @, , @, pairs located closer
to e, are evident in smaller Az, features in the FT (Fig. 2a) and
from the asymmetry of the vc peak (Fig. 2b).
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Fig. 2. Spectral analysis. (a) Narrowband spectra, offset for clarity, of 6
fundamental pulse chirp cases. The spectral widths of the dominant vex
25235 cmr! peaks decrease as § increases, top to bottom. Oscillations
exist at blue-shifted upconverted frequencies; example non-oscillatory
component is shown (black dashed line). (b) The FT of the spectra in (a)
display broad features at time separations between matched SFG
frequencies. (a,b) Default chirp conditions in this work (red traces).

We exploit the SFG oscillations for precise chirp matching. The
SFG of pulses with unmatched temporal chirps produces a
spectrum with diminished and irregular oscillations, increased low-
frequency intensity, and broadening of the central peak. For 6 = 28
mm (Fig. 2, red traces), we match the magnitude of the dispersion
between the two compressors to within AS = 0.5 mm (~1.6% of 6).

The L+ compressor separation is stepped by 0.44 mm, while 7 is
adjusted to maintain v.. The vertical axis of Fig. 3a is centered on the
initial determination of matched temporal chirps (ASiiia = 0) based
on narrowest spectrum and maximum SFG intensity. Each
horizontal white line in Fig. 3a denotes a spectral slice shown in the
same vertical order in Fig. 3c. The thickest line in each figure
corresponds to the most accurately determined A8 = 0, which
produces the greatest fringe depth in blue SFG interferences.
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Fig. 3. Opposite chirp matching without (a) and with (b) a short-pass
filter in the positively chirped pulse. (a, b) SHBC spectra for a series of
grating separations in the negative chirp compressor. (c, d) Spectral
slices from ASinital marked with white lines in (a, b), in same vertical
order. Traces normalized and offset for clarity. Bold trace indicates ideal
grating separation (A8 = 0).

The removal of the blue wing in the SFG spectrum is essential for
simplifying the lineshapes of narrow spectroscopic transitions, such
as those in nitrogen (N2) gas-phase RCARS (Fig. 4). We first consider
indirectly shaping the SFG spectrum by addressing the fundamental
pulse nonlinear chirp. Conceivably, the higher-order phase terms of
the compressor could be offset by material dispersion. Given the
significant higher-order dispersion in this grating-based design, we
choose the simpler method of reducing the fundamental
bandwidth. Careful spectral filtering of the fundamental pulses
enables SFG of a bandwidth over which the temporal chirp can be
approximated as linear in frequency. Without a Fourier plane
compressor, we insert an angle-tuned short-pass filter (FF01-
842 /SP-25 Semrock) in the L-6 compressor output and adjust 7 to
preserve v. (Fig. 3b, spectral slices in Fig. 3d). The top few spectra in
Figs. 3b,d exhibit weak SFG, as more spectral intensity in the overly
negatively chirped pulses has no temporal match. As expected, the
true AS = 0 vertical position is slightly shifted (bold lines, Figs. 3b,d)
compared to Figs. 3a,c to give the narrowest SFG spectrum from a
reduced fundamental bandwidth with shifted spectral center. We
choose to filter out a fundamental pulse leading edge (lower right
quadrant of Fig. 1b, bottom panel) so the SFG pulse has a steep, clean
early time profile, which is ideal for its use as a spectroscopic probe
at minimal delays from a pump pulse. The resulting SFG spectra are



narrower, with steeper low-frequency decays and high-frequency
wings reduced from Eq. (2) to [(w,)=1"(w,) where
fundamental frequencies are extinguished. Oscillatory features
persist closer to vc but can be reduced beyond those in Fig. 3d by
stacking two spectral filters, further suppressing the wing without
broadening the SFG by excessive filtering in either pulse of spectral
content in the lower quadrants in Fig. 1b, bottom panel. A portion of
the resulting SFG beam is used to probe the N2 RCARS coherence
induced by a 40 fs Ti:Sapphire pump/Stokes pulse. The high-
frequency probe shoulder is evident in the blue wings of rotational
lines in the spectrum (Fig. 4a, gray trace), an artifact that is less
important for systems with broader spectral features or more
widely spaced transitions.
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Fig. 4. Narrowband probe and fs/ps RCARS spectra. (a) N2 RCARS
spectrum (gray trace, lower gray x-axis) taken with probe after
fundamental spectral filtering but before SFG grating filtering. Grating
filtered Av = 3.0 cmt probe spectrum (black trace, upper black x-axis).
(b) Spectrum of 7.8 atm of N2 at room temperature, probed at 8 ps delay
(transitions out of rotational states.J = [2, 20]) by probe from (a).

To achieve ideal gas-phase RCARS lineshapes, the 1.2 m] SFG
pulses (6 = 28 mm, spectrally filtered) are sent through a folded 4f
grating filter (f = 1 m, 1800 grooves/mm) to remove remaining
spectral wings without reducing Av. Compared to the bandwidth
narrowing of broadband pulses solely by grating filtering the
fundamental, this spectral refinement strategy suffers from less
intensity loss, which is primarily dictated by grating efficiency. For
very large & (Fig. 2a, bottom trace), the close-lying interference peak
cannot be separated from the v. peak. The final probe (Fig. 4a, black
trace) is used to generate the N2 RCARS spectrum in Fig. 4b, which
has closely spaced (8 cm™ separation) but frequency resolved
transitions for straightforward modeling. Therefore, this is an
effective method to produce a narrowband probe with high
resolving power from a broadband laser capable of impulsive
excitation of Raman coherences beyond 500 cm™. Bandwidth
narrowing of 100-fs duration laser pulses in this manner would be
simpler, since the grating-pair produced chirp over the
correspondingly smaller fundamental spectral range could be more
closely approximated as linear in frequency.

In summary, we have reported the largest bandwidth reduction
to date using the efficient technique of spectral narrowing via
oppositely chirped pulse SFG. Furthermore, we have investigated
the consequences of nonlinear chirp in broadband pulses and
presented a combination of filtering techniques to overcome this

limitation. The method presented in this Letter provides a versatile
laser system of high energy pulses of significantly different
bandwidths, with which we perform RCARS measurements of gas-
phase N2 to demonstrate one of many potential applications.
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